INTRODUCTION
The marine nitrogen (N) cycle is an integral component of the biological pump and a major control on atmospheric carbon dioxide concentrations (Gruber, 2004) . Quantification of the sources (N 2 fixation) and sinks (denitrification) of bioavailable (fixed) N is thus critical for predicting the evolution of Earth's climate (Galbraith et al., 2004) . The most recent estimates suggest that the largest N sink in the ocean today is denitrification in sediments (ca. 100 to 200 Tg N yr -1 ), with pelagic denitrification including anammox accounting for around one-half of this value (Bianchi et because sediments quickly turn anoxic below the surface oxidized layer (typically a few mm thick on continental margins). Astonishingly, though, empirical relationships derived from global datasets estimate that OMZ sediments, which cover only 1% of the seafloor, may account for 10% of global benthic denitrification ). This number is likely to increase if ongoing expansion of the major OMZs continues (Stramma et al., 2008) . Hence, there is a real need to more clearly define the pathways and rates of benthic N turnover in these settings.
This need is driven by the discovery of new processes and organisms in oxygen-deficient environments that alter the classical view of benthic N cycling (Fig. 2) . Perhaps most significantly, mats of the filamentous chemolithoautotrophic sulfur bacteria Thioploca spp. cover vast areas of the continental shelf off Peru and Chile where anoxic bottom waters impinge on the seafloor (Gallardo, 1977 ; Thamdrup and Canfield, 1996) . These bacteria take up large quantities of nitrate (NO 3 -) from the bottom water and store it within intracellular vacuoles at concentrations up to 500 mM (Fossing et al., 1995) . The NO 3 -is used as an electron acceptor during the acquisition of energy. Early investigations on the ability of Thioploca to denitrify NO 3 -to nitrogen gas (N 2 ) were inconclusive (Fossing et 
where free sulfide (HS -) in porewater is the electron donor that is oxidized by their intracellular, or biological, NO 3 -pool. Note that this reaction is not to be confused with heterotrophic DNRA, which is performed by different bacteria using other electron donors (Thamdrup, 2012) . Their micro-aerophilic nature and dependence on sulfide explains why Thioploca are found in organic-rich OMZ muds displaying high rates of sulfate reduction (Ferdelman et al., 1997; Høgslund et al., 2009 ). Yet, paradoxically, Thioploca are inhibited by sulfide concentrations of 500 μM or less (Maier and Gallardo, 1984; Huettel et al., 1996) . They overcome this problem by gliding between the sediment surface (to access NO 3 -) and the underlying layers (to access sulfide) within gelatinous sheaths at speeds of up to 10 cm d -1 . The stored NO 3 -provides the energy to make the journey up and down the sediment and maintain sulfide concentrations within the upper 10 -20 cm at micromolar levels (Ferdelman et al., 1997; Bohlen et al., 2011) .
Thioploca are of broad ecological interest because they conserve fixed N within the benthic environment (NO 3 -reduction to NH 4 + ) and at the same time act as an effective barrier to sulfide emissions to the water column. Furthermore, the NH 4 + produced by DNRA in the sediments contributes to N loss in the water column via anammox (Lam et al., 2009 ). However, bottom water intrusions of oxygen or depletion of NO 3 -can strongly modulate Thioploca community dynamics (Schulz et al., 2000; Gutiérrez et al., 2008) . Vacuolated bacteria such as Thioploca may overcome periods of NO 3 -depletion by relying on their internal reservoir as their sole source of oxidizing power (Schulz and Jørgensen, 2001 ). To our knowledge, this has not been demonstrated for Thioploca in the
field. Yet, it would be an important consideration for the benthic N budget as well as for local fisheries if toxic sulfide is eventually released to the water column.
A second process discovered more recently is denitrification by foraminifera (Risgaard-Petersen et al., 2006). These are unicellular eukaryotes typically <1 mm in diameter commonly found in lowoxygen environments (Levin, 2003) . Like Thioploca, some species are able to store NO 3 - Thioploca, however, the NO 3 -is denitrified to N 2 , either by the foraminifera themselves or by prokaryotic endobionts (Bernhard et al., 2012) . Thus, in contrast to DNRA, these protists alongside denitrifying and ammonium oxidizing (anammox) prokaryotes actively contribute to fixed N loss.
Moreover, their motility gives them a competitive advantage by allowing more easy access to the oceanic NO 3 -pool. Theoretical calculations suggest that denitrification by foraminifera could account for almost all of benthic N loss at certain localities on the Peruvian margin (Glock et al., 2013 
DESCRIPTION OF SAMPLING AREA
The present study area (12°S) falls with the region of maximum upwelling and primary productivity (Quiñones et al. 2010 
MATERIAL AND METHODS

Sampling and geochemical analysis
Sedimentary and benthic flux data are presented from 10 sampling stations (Table 1) Samples for sediment and porewater analysis were taken using both MUC and BIGO technologies.
We report on MUC data only since the core length (ca. 20 -40 cm) was typically much greater than the BIGO cores (ca. 10 cm) and less prone to handling artifacts. The sediments sampling resolution was 0.5 cm in the upper 5 cm, increasing to 3 to 4 cm at the bottom of the core. Details on sample handling and processing are described in Sommer et al. (submitted) and Dale et al. (2014 Dale et al. ( , 2015 symbiotic interactions between Thioploca and ammonium oxidizing bacteria proposed in a previous study are not (Prokopenko et al., 2006) . Similarly, nitrification was described as the stepwise oxidation of NH 4 + to NO 2 -to NO 3 -. NO 2 -produced by these pathways was available for anammox that shunts NO 2 -and NH 4 + into N 2 gas. Preliminary simulations with denitrification coupled to Fe 2+ oxidation (Straub et al., 1996) showed that this process was of minor importance and so the rate constant for this reaction was set to zero. NO 3 -consumption by chemotrophic DNRA is described in section 3.2. In this study, we imposed the depth-dependent rate of DNRA directly, such that the uptake of intracellular NO 3 -is implicitly calculated as the depthintegrated rate of DNRA. NH 4 + is produced in the sediment depending on the DNRA rate at each sediment depth. We adopted this approach because it allows more flexibility to simulate bacterial NO 3 -transport and reduction. The rate-depth profiles of DNRA are given in the Supplement. For the sake of parsimony, we assume here that it reflects the latter, meaning that the sole source of oxidized N for DNRA in our modified model is NO 3 -from the bottom water.
We also considered biological 
We modified the model to include intracellular NO 3 -in foraminifera, NO 3 for ]). The total rate of POC degradation is equal to the sum of the primary carbon oxidation pathways plus R for (see Supplement).
At all stations, we allowed precipitated sulfur to be oxidized anaerobically using NO 3 - (Schippers and Jørgensen, 2002) . In what follows, we apply the term 'denitrification' to the sum of N 2 production via this pathway and denitrification (NO 2 -reduction to N 2 ). . The rate of ammonification at each depth in the sediment, R AMF , was then determined from the rates, R, of pathway j, (R j , Fig. 2 ):
Once R AMF is known, the rate of POC mineralization, R POC , can be calculated using the measured organic N:C ratio:
The first term on the right-hand-side in Eq. (5) describes how the modeled NH 4 + concentration is fit to the observed concentration function at each time step using a kinetic constant, k fit (yr -1 ). k fit was prescribed a high value to ensure that the modeled concentrations were maintained at the measured values. The remaining reactions on the right produce and/or consume NH 4 + . The determination of R AMF thus requires knowledge of the rates of nitrification, anammox, DNRA and NH 4 + adsorption.
Nitrification rates are low in this setting (Bohlen et al., 2011 ) and the rate constant for this reaction was assumed to be invariable across the transect (Table S3) . Similarly, adsorption of NH 4 + was calculated from a constant equilibrium adsorption coefficient of 1.6 (Mackin and Aller, 1984) . The rates of anammox and DNRA were, however, adjusted to fit the data. These processes have opposing impacts on porewater NH 4 + concentration (i.e. consumption versus production). As a result of Eq. (5) concentrations provide a further constraint on the rates of DNRA and anammox. Furthermore, the benthic fluxes of NO 3 -, NO 2 -and N 2 across the sediment-water interface will also be strongly influenced by the rates of DNRA, anammox and organic matter degradation. The rate of organic matter degradation is also intimately linked to the DIC flux which is calculated from pCO 2 and TA measurements in the benthic chambers . Thus, multiple data sources are used to determine the rates of N turnover. Note that heterotrophic denitrification (R 3 ) is implicitly solved during this procedure since it is directly coupled to organic matter degradation. foraminiferal abundances with denitrification because cell-specific rates were not measured.
Steady state limitations
The rate of organic matter degradation is constrained by the benthic DIC flux as well as porewater profiles of NH 4 + , SO 4 2-and TA, all assumed to be in steady state. Yet, the Peruvian shelf is a dynamic environment where primary production, bottom water redox conditions and Thioploca biomass vary . This is mostly likely due to temporal decoupling of NO 3 -uptake and reduction by Thioploca. Using a nonsteady state model developed in the final discussion section of this manuscript, we find that the error in the simulated rates and fluxes using a steady state approach is around 30 to 50 %.
RESULTS AND DISCUSSION
Organic carbon and nitrogen mineralization
The model shows excellent agreement with the porewater data and DIC fluxes at all stations, which indicates that the POC degradation rates are simulated accurately (Fig. 3) (Fig. 3) . The NH 4 + is partly produced by ammonification of PON at maximum rates of 6.5 mmol m -2 d -1 (Table 2 ). This is a minor fraction of the measured NH 4 + flux which surpasses 20 mmol m -2 d -1 (Table 2 and High mineralization rates on the middle shelf are driven by high POC rain rates .
However, the organic fraction is diluted by terrestrial inorganic material, giving relatively low POC and PON content compared to the outer shelf and OMZ (Fig. 3) . 
Evidence for biological nitrate transport and reduction by Thioploca
Biological 
where is the number of moles of sulfate consumed per mole of organic carbon oxidized, assumed to be 0.5 (Table S3) Secondly, sulfide concentration profiles indicate a large diffusive flux that is entirely consumed at 20 cm depth (Fig. 3) . Titration by iron oxyhydroxides cannot explain this since their availability under the highly reducing conditions is limited . Thioploca were observed down to 20 cm depth in the sediments, which probably marks the limit where they are able to penetrate on a full 'tank' of NO 3 -to seek out sulfide (Schulz et al., 1996; Jørgensen and Gallardo, 1999) . Sulfide concentrations from St. 1 are higher and contrast with this idea, as will be discussed later.
Thirdly, biological nitrate (BNO 3 -) concentrations following the freeze-thaw procedure were far in excess of NO 3 -determined in porewater extracted by centrifugation (Fig. 3) . At the shallowest station, BNO 3 -was close to 1 mM whereas porewater NO 3 -was below detection limit. In general, at the highly reactive shelf stations, NO 3 -was consumed within the upper 0.5 cm, which corresponds to the sampling resolution. The BNO 3 -pool ranged between 5.3 and 28.2 mmol m -2 (Table 3) (Fig. 4) (Fig. 4) , and assumes that the NH 4 + profile is at steady state. The error in the rates incurred by applying a steady state model to a dynamic system will be quantified using a non-steady state model (Section 4.4).
Pathways of fixed N loss
The modeled rates of fixed N loss by microbial denitrification and anammox (0.5 - Table 3 ). According to the model, heterotrophic denitrification by foraminifera accounts for 90% of N 2 production at this station, with a further significant contribution of 62% at St. 7 (Table 2) 
Benthic response to bottom water stagnation
Observations of a large biological NO 3 -pool in surface sediments on the shelf along with the absence of NO 3 - in the bottom water demonstrate that Thioploca were using their intracellular reserves to survive the stagnation period. Although it is not known for how long Thioploca had been deprived of bottom water nitrate (BW-NO 3 -), data from the previous cruise (M91) showed that NO 3 -was absent on the shelf for at least four weeks prior to our sampling (H. Bange, pers. comm.).
We modified the steady state model to test whether the temporal trends in biological NO 3 -and H 2 S in shelf sediments could be attributed to water column stagnation, depletion of BW-NO 3 -and a reduction in DNRA (Fig. 3) internal reserves for several weeks before we carried out our sampling.
The model was first run to steady state by specifying a BW-NO 3 -concentration of 25 µM above a 0.4 mm diffusive boundary layer during ventilated periods (Graco et al., 2007) . BW-NO 3 -was then forced to zero over a 9 d period to simulate the onset of a stagnation event, and then maintained at zero levels until a new quasi-steady state was reached (Fig. 6) . The boundary BNO 3 -concentration (BNO 3 -*), initially at 6 mM, was scaled to BW-NO 3 -. The simulated rates and fluxes prior to stagnation can be viewed in Fig. 7 (Fig. 7) . NH 4 + efflux under these conditions is 12 mmol m -2 d -1 (Fig. 7b) . These values approximate benthic N dynamics at times when NO 3 -is available in the bottom water (Bohlen et al., 2011 (Huettel et al., 1996) , or a thinner diffusive boundary layer, could conceivably drive higher rates of bacterial sulfide oxidation, and it would be worthwhile to investigate this further in future.
Benthic fluxes of NO 3 -and BNO 3 -decrease rapidly during stagnation (Fig. 7a) . (Fig. 7b ). This is because (i) NH 4 + that is produced by DNRA in the upper 10 cm has a longer diffusive path length to the bottom water, and (ii) NH 4 + continues to be produced from intracellular BNO 3 -for some weeks following stagnation. This can be more clearly appreciated by (i) the slow depletion of porewater NH 4 + over time (Fig. 9) , and (ii) the attenuated rate of DNRA compared to the other pathways (Fig. 8c) .
The flux of H 2 S increases very rapidly by ca. 3 mmol m -2 d -1 during stagnation (Fig. 7b) due to a switch in carbon respiration from nitrate and nitrite reduction to sulfate reduction in the uppermost sediment layers. It implies that H 2 S emissions on the Peru shelf will initially respond rapidly to a decrease in BW-NO 3 -. Data from the benthic chamber deployments on the outer shelf at St. 3 indeed
show that H 2 S is immediately released when NO 2 -+ NO 3 -fall below 1 µM after 20 h of incubation (Fig. 10) DNRA produces a 'deficit' of pore water H 2 S in the upper 10 to 20 cm which allows sulfide to accumulate (Fig. 9 ) and slows down benthic sulfide release. This deficit is clearly seen in the porewater data on the shelf (e.g. St. 2, Fig. 3 and Bohlen et al., 2011).
The simulated sediment concentrations, including BNO 3 -and H 2 S, and fluxes are in qualitative and quantitative agreement with the transient features observed at the shallow shelf station (Fig. 3) . The model thus supports the idea that the observed temporal trends in BNO 3 -and H 2 S are due to stagnation and an increasingly nitrate-starved Thioploca community. Porewater NH 4 + , SO 4 2-and TA concentrations change only marginally following the first few weeks of stagnation, implying that they can be applied to a steady state model (Fig. 9) . As time passes, however, steady state model rates accrue uncertainty. From the decrease in NH 4 + in our hypothetical scenario (Fig. 9 ), we estimate a 10 to 20 % error for the steady state rates (Table 2 ) if the bottom water became depleted in NO 3 -two weeks prior to fieldwork. The error increases to 30 % if it occurred four weeks previously, which is the minimum time that the bottom waters were depleted in NO 3 -prior to our fieldwork. Including the time spent on our own cruise, a value of 50 % is probably more realistic. This corresponds to the minimum uncertainty in our modeled rates and fluxes, which is similar to the natural variability in ). An understanding of the causes, frequency and duration of sulfide emissions should be considered a priority area for further investigation. S denotes the lander used and the second to the deployment number of that lander. b < dl = below detection limit (5 μM). 
